Abstract: New water-soluble polymers with phosphate groups based on 2-methacryloyloxyethyl phosphate have been synthesized by copolymerization with 1-vinyl-2-pyrrolidone and 1-vinylimidazole. The obtained copolymers are polyelectrolytes showing high inclination to aggregation in aqueous medium according to light scattering data. Copolymer of 1-vinylimidazole shows ampholyte properties with isoelectric point at pH 6.8 (6.4 in 0.1M NaCl). Condensation of silicic acid in the presence of this copolymer results in composite particles containing aggregated or non-aggregated copolymer coils with embedded silica.
Introduction
Phosphate-containing synthetic polymers possess interesting and useful properties such as a moderate acidity and complexing activity. They are used as components of orthopedic and dental compositions [1] [2] [3] [4] [5] , fire-retardants [6] , adsorbents of heavy metals [7] and as proton conducting polymers [8, 9] . The high adhesive ability of phosphate polymers allows to use them for protection of aluminium surface in design on nano-sized reaction wells for new generation of DNA sequencers [10] . The interest for these polymers have been increased last decade due to finding biologically important substances -silaffins [11] [12] [13] and silacidins [14] . These are proteins with post-translation insertion of phosphate and polyamine (silaffins) groups. Silaffins and silacidins play significant but unknown role in formation of highlyordered silica structures in diatoms and sponges [11] [12] [13] [14] . Investigation of their biological functions and elaboration of biomimetic approaches to new silica and composite materials stimulated study of model compounds: polymeric amines and ampholytes [15] [16] [17] [18] [19] [20] [21] .
There are two main ways to introduce ~PO(OH) 2 groups into side chain of polymers: modification of the prefabricated macromolecules and polymerization of phosphatecontaining monomers. 2-Methacryloyloxyethyl phosphate (MOEP, Figure 1 ) is a relatively cheap monomer containing methacrylate group active in radical polymerization. The known works concerning MOEP [1] [2] [3] [4] 9] are devoted to synthesis of nonsoluble materials -gels and solid composites. According to our knowledge, soluble MOEP homopolymers had been obtained by RAFT or γ-initiated polymerization in one work only [22] . The reason of this is the admixture of bifunctional monomer obtained by disproportionation of MOEP during the monomer storing [22] (Figure 1) . Purification of MOEP is possible by extraction of the bifunctional monomer with toluene [1] but the obtained product was not used for synthesis of linear polymers. The aim of this work is to synthesize water-soluble polymers with MOEP units. We copolymerized MOEP with 1-vinyl-2-pyrrolidone (VP) and 1-vinylimidazole (VI) ( Fig.  1 ) and obtained new phosphate-containing polymers. These copolymers are interesting as models of biogenic silicification agents and first experiments on silicic acid condensation in the presence of them are also described.
Results and discussion
Copolymerization of acidic monomers with VP and VI is often results in waterinsoluble products due to hydrogen bonds involved acidic groups and donor centers of VI and VP [24, 25] . The similar interactions between monomers and polymeric chains complicate purification of the copolymers and so we used sodium salt of MOEP in the reaction. Radical copolymerization of Na-MOEP with VP and VI gives rise to water-soluble products (Tab. 1). Increase of MOEP content in the initial reaction mixture results in non-soluble polymers probably due to disproportionation of MOEP during polymerization (Fig. 1 IR spectra of the copolymers contain bands at 1075 cm -1 (ν COP) and 1720 cm -1 (ν C=O in methacrylate fragment). Band at 1665 cm -1 (ν C=O in amide group) was found in the spectrum of VP copolymer, imidazole cycles in VI copolymer show vibrations at 1498, 1418, 1226 cm -1 (ν cycle) and at 1077 (δ C-H) [26] . 1 H NMR spectra (Fig. 2) confirm the presence of all functional groups in the copolymers: CH 3 in MOEP units (0.85-1.25 ppm), CH 2 in the main chain and in the pyrrolidone cycle (1.3-2.6 ppm), CH in the main chain (2.9-3.5 ppm), CH 2 -N in VPD units (3.2-3.5 ppm), CH 2 in MOEP side chain (3.45-4.30 ppm), imidazole cycle (6.5-7.7 ppm). The resulting products contain no monomer admixtures.
Fig. 2. NMR spectra of copolymers.
Composition of the copolymers (Tab. 1) was calculated from integral intensity of the azole protons (MOEP-VI copolymers) or CH 3 protons (MOEP-VP) related to integral intensity of the remaining signals. In the case of MOEP-VP copolymer the composition was also calculated from the titration data (discussed below) and the results coincided with 0.5% relative deviation. NMR data provides a molar ratio of the units only but the phosphate groups exist in neutralized and non-neutralized forms and their content was obtained from the titration data.
MOEP copolymers are soluble in water with the exception of MOEP-VI sample at pH 4.2-6.8. Acid-base properties of the copolymers were studied by titrating with 0.1M HCl the solutions preliminary adjusted up to pH 10.5 with NaOH. The titration curves show sharp inflection at pH 9-9.5 corresponding to neutralization of NaOH excess and beginning of MOEP-Na 2 units titration. This inflection allows to calculate content of non-neutralized MOEP units. Titration of MOEP-VP copolymer is accompanied with a second inflection near pH 5 which corresponds to half-neutralization of MOEPNa 2 units and allows to find total MOEP content in the copolymer.
The titration curves of MOEP-VP copolymer in pK -α coordinates (Fig. 3) show two areas: relatively weak change below α = 0.5 and evident pK increase at α > 0.5. The first region corresponds to beginning of MOEP units deprotonation. VP copolymers with acidic monomers are able to form compact macromolecular conformations stabilized by hydrogen bonds [27] and destruction of these bonds under ionization of acidic groups gives rise to unfolding of macromolecular coils. This process compensates pK increase from the known electrostatic effects in the polyacid ionization. As a result, we can see weak change or even pK decrease. The second region corresponds to ionization of copolymer with fully charged MOEP groups so the compact conformation is absent here and we observe pK increase. Addition of NaCl do not change shape of the titration curve (Fig. 3 ) but expectedly decrease pK values. Potentiometry data for polyampholyte MOEP-VI copolymer were used to calculate isoelectric point (IEP) of the copolymer according to procedure described in [25] . The obtained values (pH = 6.8 for salt-free solution and 6.4 in 0.1M NaCl) correspond to beginning of the copolymer precipitation in titration from alkali region. Fig. 3 . pK vs ionization degree α for MOEP-VI copolymer, α = 1 corresponds to full ionization of MOEP units. Particle size of the copolymers in solution has been studied with dynamic light scattering (DLS) (Fig. 4) . The both samples show bimodal distribution of hydrodynamic size with the exception of MOEP-VI at pH 4.1. The presence of large particles could point to formation of micro-gel particles, especially taking into account the ability of MOEP to cross-linking. On the other hand, the solutions were filtered before DLS experiments using filter units with 225 nm pore radius. The similar effect had been observed on VI -acrylic acid copolymers [25] and is explainable by presence of aggregates which reversibly decompose upon filtration and form again thereafter. The aggregates are stabilized probably by hydrogen bonds in acidic medium and via Na + bridging similar with earlier studied imidazole-containing systems [25, 28] (Fig. 5) .
Unimodal size distribution has been found for MOEP-VI copolymer at pH 4.1. This pH value corresponds to dissolution of precipitate formed at pH below 7 and the 215 nm particles probably reflect state of aggregates in the precipitate. Both copolymers contain small (20-30 nm) particles which are attributed to non-aggregated macromolecules. Fig. 5 . Scheme of MOEP-VI copolymer coils depending on pH and structure of hydrogen, Na + bridging and ionic bonds between MOEP and VI units.
Silicification activity of MOEP-VI copolymer was studied similarly to experiments with poly(1-vinylimidazole) [PVI, 29] : aqueous solutions of sodium silicate and copolymer were mixed to give 5.3 mM of Na 2 SiO 3 and 7.8 mM of the copolymer repeating units in the resulting mixture. The copolymer -sodium silicate solution was slowly neutralized to pH 10 with 0.1 M HCl over 30 min and kept undisturbed for 30 min before DLS experiments were carried out. After that the titration with HCl was continued and portions of the solution were taken at pH 8 and 4, after 75 and 110 min after beginning of the neutralization respectively. Precipitation was observed at pH 6.4 and the solution became homogeneous at pH 4.0 which is similar to behavior of MOEP-VI copolymer. DLS data (Fig. 6) show no significant changes comparing with non-silicon system (Fig. 4) at pH 8 and 10. The particle size distribution changes drastically after precipitate dissolution at pH 4: trimodal curve with peaks at 30, 260 and 1220 nm instead of monomodal 215 nm particles without silicon. SEM data (Fig.  7) confirm the presence of submicron and large (1-2 μm) particles in the composite precipitate collected at pH 4.5. A detailed study allows to reveal <50 nm particles which forms the large aggregates (Fig. 7 C, D) . We propose the following scheme of MOEP-VI copolymer transformations under pH change and addition of sodium silicate:
• At high pH values the macromolecules exist in aggregated and non-aggregated forms. The interchain association is provided by hydrogen bonds and via Na + bridging similar to the imidazole -carboxylic acid systems [25, 28] (Figure 4) . The aggregates are in swollen form due to a large amount of negatively charged phosphate groups.
• pH decrease below 7 results in partial protonation of imidazole cycles and decrease of the negative charge from MOEP units. Interchain interactions become stronger and copolymer is insoluble near IEP. In acidic area (pH ≈ 4) the macromolecules show monomodal size distribution (Fig. 4) and hydrodynamic radius (215 nm) allows assuming their structure as relatively dense aggregates.
• The titration with addition of Na 2 SiO 3 is accompanied with condensation of silicic acid giving rise to silica nanoparticles. We have shown previously [29, 30] that these particles are able to intrude into PVI coils and the resulting composite nanoparticles retain solubility. PVI-silica composites are stabilized by hydrogen bonds between silanol groups and nitrogens from imidazole cycles. So, we can assume the similar processes in MOEP-VI -sodium silicate mixture at pH > 7. As mentioned above, the transition through IEP is accompanied by redistribution of large aggregates and single macromolecules into compact aggregates in the case of free copolymer. The such transformation in the presence of Na 2 SiO 3 is complicated with silica nanoparticles embedded into polymeric coils and we see particles of three radius ranges in solution at pH 4 ( Fig. 4 ): large 1-2 μm corresponding to aggregates at pH > 7, 260 nm close to compact aggregates in silicon-free system and small nonaggregated nanoparticles.
According to energy dispersive spectroscopy (EDS) analysis, the precipitate obtained with MOEP-VI copolymer at pH 4 contains silicon and carbon in 1: 7.2 molar ratio which corresponds to 1: 1 SiO 2 : polymeric unit ratio. This value is close to data obtained for PVI [30] and shows that introduction of ≈30% acidic units in to PVI chain do not decrease the polymer ability to interact with silica. Recently we have found a similar effect with VI -acrylic acid copolymers [31] and thus can conclude that at least 30% of imidazole units in PVI chain are not involved in interaction with silanol groups under this reaction conditions. These unreacted groups provides solubility of polymer-silica nanoparticles in the case of PVI [29] or MOEP-VI copolymer at high pH values.
Conclusions
We have shown the ability to synthesize water-soluble polymers with phosphate groups based on 2-methacryloyloxyethyl phosphate and hydrophilic comonomers. The obtained copolymer with 1-vinylimidazole is polyampholyte having isoelectric point in neutral pH area. Condensation of silicic acid in the presence of 1-vinylimidazole copolymer results in composite particles containing aggregated or non-aggregated copolymer coils with embedded silica.
Experimental part
Toluene, ethanol, NaCl, Na 2 SiO 3 ·5H 2 O, NaOH and HCl solutions were purchased from Sigma Aldrich and used without further treatment. VP and VI (Sigma Aldrich) were purified from stabilizers by vacuum distillation before use. 2,2-Azobis(isobutyronitrile) (Sigma Aldrich) was crystallized from ethanol. MOEP (Sigma Aldrich) was purified from the bifunctional monomer by toluene extraction according to [1] . MOEP was converted to sodium salt by dissolving in water (10 % solution), neutralizing with 1 M NaOH up to pH 7 and freeze-drying.
Copolymerization (Tab. 1) was carried out in water (16 % solution, pH = 7.0) under the action of 2,2-azobis(isobutyronitrile) (1 % from the monomer mass) at 60 o C under an argon atmosphere. Copolymers were purified by dialysis throw cellophane membrane against water and dried by freeze-drying.
Potentiometry measurements were performed on a "Multitest" ionometer using a combined pH-electrode in a temperature-controlled cell at 20±0.02 o C under argon. 0.1 M NaOH was used for adjusting pH of the solutions up to 11, and 0.1 M HCl was employed as a titrant. Concentration of the copolymers was 1.5 mg/mL. FTIR spectra were recorded with an Infralum FT-801 spectrometer using KBr pellets. 1 H NMR spectra were obtained on a Varian DPX-400 (400.13 MHz) spectrometer in D 2 О. Scanning electron microscopy (SEM) and elemental analysis by energy dispersive spectroscopy (EDS) were performed using FEI Quanta 200 instrument. The samples were placed on aluminium sample holders and then sputter coated with gold using SDC 004 (BALZERS) coater.
Dynamic light scattering experiments were performed using a LAD-079 instrument built in The Institute of Thermophysics (Novosibirsk, Russia). All solutions were purified from dust using filter units with 0.45 μm pore size (Sartorius 16555-Q Minisart syringe filters). The experiments were performed at 20 °C ± 0.02 °C. Measurements were done with 650 nm solid-state laser at 36, 54 and 72 scattering angles. Correlation functions were analyzed with a polymodal model using randomcentroid optimization method [23] . Size distributions obtained at 54 o are presented in this article, data at 36 and 72 o were analogous.
